Although hundreds of organosulfur compounds have been identified in petroleum (36, 37, 40) , a recent literature review (12) showed that only about 20 of these compounds have been used in biodegradation or biotransformation studies. Investigations with individual compounds have been hampered because of the small number of petroleum-related organosulfur compounds available from commercial sources.
Laboratory studies using whole oils or sulfur-rich fractions of oils as substrates have shown that alkyl-benzothiophenes and dibenzothiophenes (14, 16) and alkyl-monocyclic sulfides (thiolanes and thianes) (13) are susceptible to microbial transformation. Analyses of petroleums that have undergone biodegradation in their reservoirs have also demonstrated that the amounts of alkyl-benzothiophenes and dibenzothiophenes had been depleted by microbial action (44, 45) . Using Prudhoe Bay crude oil as a substrate for enrichment cultures, Fedorak and Westlake (14, 16) studied the relative susceptibilities of alkyl-benzothiophenes and dibenzothiophenes to microbial attack; in general, the larger the number of alkyl-carbons, the more recalcitrant the compound. For example, the C2-benzothiophenes were removed from the oil more readily than the C3-benzothiophenes. In addition, dibenzothiophene was removed before the C1-dibenzothiophenes, which were removed before the C2-dibenzothiophenes.
Two commercially available sulfur heterocyclic compounds, benzothiophene (BT) and 3-methylbenzothiophene , were the focus of the study reported herein. Although there have been several reports on the microbial transformations of BT, we are not aware of any studies with * Corresponding author.
3-MBT.
In aerobic studies, Pseudomonas aeruginosa PRG-1 oxidized BT dissolved in light oil but could not use this compound as a sole carbon source (38) . A dibenzothiopheneoxidizing isolate, Pseudomonas alcaligenes DBT2, oxidized BT to water-soluble products (19) . However, the identities of the metabolites were not determined in either of these studies. Enrichment cultures from various water samples were unable to metabolize benzothiophene unless supplied with naphthalene as a carbon source (4) . Based on gas chromatography-mass spectrometry (GC-MS) analysis, three of the BT metabolites were tentatively identified as benzothiophene sulfoxide, 2,3-dihydrobenzothiophene-2,3-diol, and benzothiophene-2,3-dione.
BT is also susceptible to microbial metabolism under anaerobic conditions. Kurita et al. (32) observed the release of hydrogen sulfide from this substrate, but they did not determine the fate of the carbon atoms. Many metabolites were identified in an aquifer-derived methanogenic microcosm containing microorganisms that could degrade BT (26, 27) . Among the cyclic intermediates were 2-hydroxythiophene, p-hydroxybenzenesulfonic acid, phenol, phenylacetic acid, and benzoic acid. Ring cleavage products included 2-methyl-2-hexanol, 3-hexanol, 2-methyl-1,2-propanediol, thiopropionic acid, hexanoic acid, 2-hexenoic acid, propionic acid, and acetic acid. Methane and carbon dioxide were produced from BT by these mixed cultures.
The objectives of this work were to enrich aerobic cultures that could transform BT and 3-MBT, to identify the metabolites of sulfur heterocyclic compounds, and to examine the culture conditions under which the metabolites were formed. We chose 1-methylnaphthalene as the growth substrate for our cultures because Sagardfa et al. (38) rpm). Cultures that contained BT or 3-MBT were incubated in 500-ml screw-cap flasks closed tightly with Teflon-lined lids to prevent evaporation of these volatile compounds. The amount of 1-methylnaphthalene routinely used in the cultures was 50 RI. Calculations showed that the amount of oxygen in the sealed flask was approximately 75% of that required for the stoichiometric mineralization of the added 1-methylnaphthalene. To replenish the oxygen in the headspace above the 200-ml cultures, the flask lids were loosened for about 1 min each day while the flasks were shaking. This procedure was judged to provide sufficient oxygen because virtually no 1-methylnaphthalene was found in the cultures at the end of a typical 14-day incubation period.
The inoculum used to obtain 1-methylnaphthalene-degrading cultures was a petroleum-degrading mixed culture derived from fuel-contaminated beach material from Shell Lake, Northwest Territories, Canada (17) . This mixed culture had been maintained since 1973 by monthly transfers into fresh mineral medium with Prudhoe Bay crude oil as its sole carbon source. A 10-ml sample of this maintenance culture was inoculated into 200 ml of mineral medium supplemented with trace metals and 0.2 ml of 1-methylnaphthalene. The culture was incubated for 14 days, and turbid growth was observed. The 1-methylnaphthalene-degrading culture was maintained throughout this project by transferring 10 ml of a turbid culture (after 10 to 14 days of incubation) to 200 ml of fresh mineral medium containing 50 ,ul of 1-methylnaphthalene.
Metabolites from BT and 3-MBT produced by the 1-methylnaphthalene-degrading enrichment culture. After two transfers as described above, 10-ml portions of the 1-methylnaphthalene-degrading enrichment culture were used to inoculate 100 ml of mineral medium with the appropriate substrates in the first attempt to detect BT and 3-MBT biotransformation. Three flasks, each containing 40 mg of 1-methylnaphthalene, were inoculated. One culture was supplemented with 12 mg of BT, the second was supplemented with 12 mg of 3-MBT, and the third contained only 1-methylnaphthalene as a control so that intermediates from the hydrocarbon metabolism could be detected. Sterile controls for each of the three substrate combinations were also established. These were incubated for 16 days, and all but the BT-containing cultures were extracted for GC analyses as outlined below. Transformation of BT and 3-MBT in the presence of crude oil. For each culture condition, 200 ml of mineral medium supplemented with trace metals was placed into a 500-ml screw-cap flask. After sterilization, 0.2 ml of Prudhoe Bay crude oil was added to each flask, and this was supplemented with either 8 mg of BT or 10 pul of 3-MBT.
Strains BT1 and SE, a gram-positive, n-alkane-degrading bacterium isolated from an oil-contaminated freshwater pond (20) , were grown separately on plate count agar. The growth on the plates was suspended into phosphate buffer to give an optical density at 600 nm of about 1.0. Each flask of crude oil-containing medium received 2 ml of these suspensions as an inoculum. Three types of conditions were used: strain BT1 alone, strain SE alone, and a mixture of these two strains. The cultures were incubated at room temperature with shaking for 14 days before extraction and GC analyses. The lids were loosened for about 1 min each day to supplement oxygen in the headspace. In the cultures that contained strain SE, virtually all of the n-alkanes were absent after 14 days of incubation, indicating that this procedure supplied sufficient oxygen to the cultures.
Analytical methods. To recover substrates and products, the entire volume of a liquid culture was acidified with 4 ml of concentrated HCl, supplemented with a known amount of n-hexadecane to serve as an internal standard, and extracted with diethyl ether (once with 40 ml and then three times with 20 ml). In experiments with Prudhoe Bay crude oil, methylene chloride was used instead of diethyl ether. The extracts were dried over anhydrous Na2SO4, combined, and concentrated for GC analysis. Retention times of substrates and metabolites are reported relative to that of n-hexadecane, which eluted at approximately 20.6 min.
Culture extracts and authentic standards were analyzed routinely by capillary GC with a 0.25-mm by 30 Cordova, Calif.) housed in a Hewlett-Packard (model 5730) gas chromatograph equipped with a flame ionization detector and a flame photometeric detector. The column effluent was split so that the samples were analyzed simultaneously by the two detectors (14) . The oven temperature program used for all GC analyses was 90°C for 2 min and then increases of 4°C per min to 250°C, which was held for 16 min. All other operating conditions were as given by Fedorak and Westlake (14) . The method used for electron impact ionization GC-MS has been previously described (18) . Isobutane was used as the reagent gas for chemical ionization GC-MS. Some samples were analyzed by GC-Fourier transform infrared spectroscopy (FTIR) with a Hewlett-Packard (model 5890) gas chromatograph equipped with a Hewlett-Packard (model 5965A) infrared detector and a 0.32-mm by 25-m (0.52-p.m film thickness) Ultra 2 column (Hewlett-Packard).
Analysis of culture extracts to detect 3-methylbenzothiophene sulfone were done by high-pressure liquid chromatography (HPLC) with a Hewlett-Packard series 1050 instrument with a reversed-phase column (5-p.m packing material; 125 by 4 mm; LiChrospher 100 RP-18). The mobile phase was water-acetonitrile (50:50), and the flow rate was 1.0 ml/min. The effluent was monitored at 280 nm, and the fraction of interest was collected manually.
Chemicals. BT and 1-methylnaphthalene were purchased from Aldrich Chemical Co., Inc. (Milwaukee, Wis.), and 3-MBT was purchased from Lancaster Synthesis Ltd. (Windham, N.H.). These compounds were used without further purification. 3-Methylbenzothiophene sulfone was synthesized from 3-MBT by using the method for benzothiophene sulfone (thianaphthene-1-dioxide) synthesis (5). Benzothiophene-2,3-dione was a gift from C. Wentrup (University of Queensland, St. Lucia, Queensland, Australia).
RESULTS
The initial amount of BT added to the 1-methylnaphthalene-degrading enrichment culture (12 mg in 110 ml of culture) inhibited growth. In an inhibition study with various amounts of BT, growth began after a 3-day lag in the cultures containing from 0 to 30 mg of BT per liter, and the growth was essentially complete by day 7. The only concentration to inhibit growth was 50 mg of BT per liter, but by day 16 the growth in this culture reached the same turbidity as that observed in the other cultures. Subsequent work showed that BT concentrations of 40 mg/liter could be used without inhibition. 3-MBT was less inhibitory to the 1-methylnaphthalene-degrading enrichment culture; no detectable inhibition was observed when 90 mg of 3-MBT was added per liter of culture.
Identification of the metabolite from BT. The culture that contained 50 mg of BT per liter was extracted after 25 days of incubation and analyzed by GC. The chromatogram from the sulfur-specific detector showed residual BT (relative retention time, 0.42) and a large metabolite peak (relative retention time, 0.86) that was not observed in the sterile control. The mass spectrum of the metabolite is shown in Fig. la . Because of the difficulty in distinguishing the molecular ion, this sample was analyzed again by using chemical ionization with isobutane. This gave a strong (M+1)+ ion of m/z 165. Thus the molecular ion in Fig. la is m/z 164. The base peak (m/z 136) would arise from the loss of CO, and the ion at m/z 108 would arise from a subsequent loss of CO. These results were consistent with the product being benzothiophene-2,3-dione, which had been reported by Bo product (Fig. lb) . In addition, the metabolite and authentic benzothiophene-2,3-dione had virtually identical infrared spectra from GC-FTIR analysis (data not shown).
Identification of the metabolites from 3-MBT. After 16 days of incubation, an enrichment culture that originally contained 40 mg of 1-methylnaphthalene and 12 mg of 3-MBT was analyzed by GC. The chromatogram from the sulfurspecific detector showed residual 3-MBT (relative retention time, 0.59), a large metabolite peak (relative retention time, 1.19) designated compound A, and a small peak (relative retention time, 1.22) designated compound B. The latter two peaks were not observed in the sterile control. Based on the peak area integrations from the flame ionization detector, there was about sixfold more compound A than compound B.
The molecular ion of compound A (Fig. 2 ) appeared to be mlz 164, which was consistent with the metabolite being the sulfoxide of 3-MBT or an isomer of hydroxy-3-MBT. The fragments at mlz 147 and 135 correspond to the loss of -OH and -CHO, respectively. These losses have been observed for other sulfoxides (25) . To verify that compound A was a sulfoxide rather than a hydroxylated product, the culture extract was analyzed by GC-FTIR. A strong absorption between 3,000 and 3,500 cm-' is characteristic of alcohols and phenols, whereas a strong absorption between 1,070 and 1,130 cm-' is characteristic of sulfoxides (39) . The infrared spectrum of compound A showed strong adsorption at 1,081 cm-1, indicating that compound A was the sulfoxide of 3-MBT (Fig. 3a) .
The mass spectrum of compound B (Fig. 4a) shows a molecular ion of mlz 180, which suggested the formation of the sulfone of 3-MBT. The parent peak of mlz 151 corresponds to the loss of -CHO, which has been observed in other mass spectrometry studies of sulfones (25, 29) . The infrared spectrum of a sulfone typically has strong absorptions between 1,350 and 1,300 cm-' and between 1,160 and 1,120 cm-' (39). The infrared spectrum of compound B shows the two absorptions characteristic of a sulfone (Fig.  3b) . 3-Methylbenzothiophene sulfone was synthesized (melting point, 143 to 146°C; literature value, 144 to 146°C [24] ), and its mass spectrum is shown in Fig. 4b . Compound B had the same GC retention time and infrared spectrum as the synthesized compound (data not shown). Therefore, compound B was identified as 3-methylbenzothiophene sulfone.
Because it was possible that the 3-methylbenzothiophene sulfone detected by GC analysis was actually a product of 3-methylbenzothiophene sulfoxide decomposition in the injection port (1, 42) (see Discussion), some culture extracts were analyzed by HPLC to verify its presence. Indeed, a peak that had the same HPLC retention time as the authentic 3-methylbenzothiophene sulfone was detected, verifying that the sulfone originated from the culture. During the analysis of a culture extract, the fraction of effluent from the HPLC column that corresponded to the 3-methylbenzothiophene sulfone peak was collected for analysis by GC. This showed that 3-methylbenzothiophene sulfone was the only sulfur-containing compound in this fraction. Figure 5 shows the flame ionization detector peak area 3-methylbenzothiophene sulfoxide/3-methylbenzothiophene sulfone ratios observed in 1-methylnaphthalene-degrading enrichment cultures extracted after various incubation times. Each datum point is the result of the analysis of a single culture that was sacrificed and extracted. Early in the incubations, there was little of the sulfone present and the sulfoxide/sulfone ratio was high. Later, the amount of sulfone increased and the ratio reached a value of about 4. These results show that the sulfoxide was the chief oxidation product and was presumably oxidized to the sulfone. Time (days) 30 40 FIG. 5. Peak area 3-methylbenzothiophene sulfoxide/3-methylbenzothiophene sulfone ratios in 1-methylnaphthalene-degrading cultures. Areas from the flame ionization detector were used for these calculations.
Transformation of BT and 3-MBT with glucose or peptone as the growth substrate. At the time these experiments were done, the 1-methylnaphthalene-degrading enrichment culture had been maintained for about 12 months by fortnightly transfers into fresh medium containing only 1-methylnaphthalene as the sole carbon and energy source. Although the enrichment culture still contained a mixture of bacteria, one strain, designated BT1 (described below), was predominant.
Over the 14-day incubation time, the 1-methylnaphthalene-degrading enrichment culture grew well in liquid medium containing either glucose or peptone. When grown on either of these nonhydrocarbon substrates supplemented with BT or 3-MBT, the enrichment culture transformed BT to the 2,3-dione and 3-MBT to its sulfoxide and sulfone. No transformation products were observed in the sterile controls. Although these incubations with glucose or peptone may have altered the composition of the population within the enrichment culture, these results clearly showed that the transformations of BT or 3-MBT were not dependent on the presence of an aromatic hydrocarbon such as 1-methylnaphthalene.
Characteristics of the isolate BT1. After several months of enrichment of the 1-methylnaphthalene-degrading culture, a predominant bacterial strain, designated BT1, was isolated and identified as a Pseudomonas sp. (gram-negative, motile rod; oxidase positive; catalase positive; acid produced aerobically on oxidative-fermentative medium with glucose, no growth anaerobically; indole negative; methyl red negative, Voges-Proskauer negative). When grown in pure culture on 1-methylnaphthalene in the presence of BT, this isolate produced benzothiophene-2,3-dione. Similarly, in the pres- To determine whether Pseudomonas sp. strain BT1 was able to metabolize 3-methylbenzothiophene sulfone, the isolate was grown on 1-methylnaphthalene in shake flasks in the presence of this organosulfur compound. After 14 days of incubation, the cultures were extracted and analyzed by GC, and the results were compared with those of a sterile control. 1-Methylnaphthalene was completely consumed by the culture, but there was no measurable loss of the sulfone, nor was there any evidence of the formation of other sulfur-containing metabolites.
Our supply of benzothiophene-2,3-dione was not sufficient to carry out a definitive study with the dione.
Transformation of BT and 3-MBT in the presence of Prudhoe Bay crude oil. To determine whether the transformation products of BT and 3-MBT would be formed in the presence of petroleum, Prudhoe Bay crude oil was added to some of the cultures. However, because the amounts of BT and 3-MBT present in Prudhoe Bay crude oil were not detected by our routine analytical methods, these compounds were added individually to cultures that contained the oil. Although the majority of the 3-MBT remained, its sulfoxide and small amounts of its sulfone were found in the extracts of the residual oil from the cultures containing strain BT1. These oxidized sulfur compounds were not found in the corresponding sterile controls or in the pure culture of the n-alkane-degrading strain SE grown on Prudhoe Bay crude oil plus 3-MBT.
After 14 days of incubation, there were no benzothiophene-2,3-dione or other sulfur-containing transformation products detected in the cultures that contained Prudhoe Bay crude oil plus BT. However, the recovery of the dione from crude oil-containing medium was found to be difficult. For example, the extraction of a mixture of benzothiophene-2,3-dione and Prudhoe Bay crude oil immediately after it was added to sterile culture medium showed only about a 50% recovery. In addition, when benzothiophene-2,3-dione mixed with Prudhoe Bay crude oil was incubated for 14 days in sterile medium, GC analysis of the methylene chloride extract showed that virtually none of the dione remained. These results complicated the determination of the fate of BT in a petroleum-containing cultures.
DISCUSSION
In previous studies of BT biotransformation, Sagardia et al. (38) reported inhibition of their Pseudomonas isolate by BT. They routinely used an aqueous phase concentration of 0.0013% (13 mg/liter) BT. We also observed growth inhibition of the 1-methylnaphthalene-degrading enrichment culture, and therefore a maximum concentration of 40 cultures grown on 1-methylnaphthalene, glucose, or peptone. These products were never found in cultures that contained only BT or 3-MBT, indicating that the transformations were the result of cometabolism. Figure 6 summarizes the transformations of BT and 3-MBT observed in our 1-methylnaphthalene-degrading culture. The results of our study provide conclusive evidence that the product of BT cometabolism is benzothiophene-2,3-dione and support the tentative identification of Bohonos et al. (4) . This was the only metabolite that we observed, whereas Bohonos et al. (4) reported the presence of benzothiophene sulfoxide and 2,3-dihydrobenzothiophene-2,3-diol.
The cometabolism of 3-MBT leads to the formation of its sulfoxide and a small amount of its sulfone. Other studies have shown that biological systems produce sulfoxides and sulfones as metabolites of organosulfur compounds. For example, using rat liver microsomes, Vignier et al. (41) observed the oxidation of dibenzothiophene to its sulfoxide and sulfone, and Jacob et al. (29) identified sulfoxides and sulfones as products from four thiaarenes. In addition, bacterial cultures produced sulfoxides and a sulfone from 2-n-dodecyltetrahydrothiophene (13 
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The major objectives of this study were to identify the metabolites of BT and 3-MBT and to examine culture conditions under which these were formed. Quantitative studies were not undertaken because of several factors, including the volatility of BT and 3-MBT, the coelution of 3-MBT with the growth substrate 1-methylnaphthalene in the GC method used, and the unavailability of authentic 3-methylbenzothiophene sulfoxide. In addition, it was thought that 3-methylbenzothiophene sulfoxide might react in the GC injection port, giving 3-MBT and 3-methylbenzothiophene sulfone in the same manner that GC analysis of dibenzothiophene sulfoxide can yield dibenzothiophene and dibenzothiophene sulfone (1, 41) . The ratios of the products of dibenzothiophene sulfoxide decomposition in a normal vaporization GC injector are highly irreproducible (1) . Preliminary data from our study indicated that the decomposition of 3-methylbenzothiophene sulfoxide occurred in our injection system. However, the presence of 3-methylbenzothiophene sulfone in the culture extracts was verified by HPLC.
The benzothiophene ring system appears to resist cleavage by aerobic microbes. In this study, there was no evidence of metabolites other than benzothiophene-2,3-dione and the sulfoxide and sulfone of 3-MBT. Numerous studies of dibenzothiophene cometabolism (28, 31, 33) have shown the formation of the substituted benzothiophene 3-hydroxy-2-formylbenzothiophene, which accumulated in the culture medium. With the exception of one report (35) (23) on indole under aerobic conditions. Although indole-2,3-dione was not detected, it did support growth of the Alcaligenes sp. Thus the formation of benzothiophene-2,3-dione by strain BT1 is analogous to the formation of indole-2,3-dione.
The five-member ring of indene has been shown to be susceptible to oxidation by toluene dioxygenase system from Pseudomonas putida (43) . Dioxygen addition to the nonaromatic double bond of indene formed cis-1,2-indandiol. Similarly, rat liver microsomal preparations produced trans-1,2-indandiol (22) .
Depending upon the organism, toluene can either be initially oxidized at the methyl group to give benzoic acid or on the aromatic ring to form a dihydrodiol (6) . In contrast, a single methyl group on an aromatic compound containing two benzene rings is not particularly susceptible to oxidation by heterotrophic bacteria. For example, the methyl groups remain unaltered during the initial metabolism of 1-methylnaphthalene (11) and 2-methylnaphthalene (46) , yielding 3-and 4-methylcatechol, respectively. Similarly, bacterial metabolism of 3-methylbiphenyl and 4-methylbiphenyl gave 3-and 4-methylbenzoic acids, respectively (15 The results in Fig. 6 show that oxidation preferentially occurred at carbons 2 and 3 in benzothiophene. These agree with other studies on benzothiophene analogs. When carbon 3 was substituted with a methyl group, as in 3-methylbenzothiophene, the sulfur atom was oxygenated. This is in contrast to the results of a study with 3-methylindole (skatole), in which carbons 2 and 3 were oxidized, giving 2-oxo-3-methyl-3-hydroxyindole (23) .
There are five other isomers of methylbenzothiophene that can be synthesized (2) (10, 30) . However, when the n-alkanes in Prudhoe Bay crude oil served as growth substrates for isolate SE, it did not cometabolize 3-MBT.
In their studies on phenanthrene biotransformation, Cooney and Shiaris (9) 
